Brain structural abnormalities and neurocognitive dysfunction have been observed in individuals with fetal alcohol spectrum disorders (FASDs). Little is known about how white matter integrity is related to these functional and morphological deficits. We used a combination of diffusion tensor and T1-weighted magnetic resonance imaging to evaluate white matter integrity in individuals with FASDs and related these findings to neurocognitive deficits. Seventeen children and adolescents with FASDs were compared with 19 typically developing age-and gender-matched controls. Lower fractional anisotropy (FA) was observed in individuals with FASDs relative to controls in the right lateral temporal lobe and bilaterally in the lateral aspects of the splenium of the corpus callosum. White matter density was also lower in some, but not all regions in which FA was lower. FA abnormalities were confirmed to be in areas of white matter in post hoc region of interest analyses, further supporting that less myelin or disorganized fiber tracts are associated with heavy prenatal alcohol exposure. Significant correlations between performance on a test of visuomotor integration and FA in bilateral splenium, but not temporal regions were observed within the FASD group. Correlations between the visuomotor task and FA within the splenium were not significant within the control group, and were not significant for measures of reading ability. This suggests that this region of white matter is particularly susceptible to damage from prenatal alcohol exposure and that disruption of splenial fibers in this group is associated with poorer visuomotor integration.
Introduction
Fetal alcohol syndrome (FAS) results from maternal consumption of alcohol during pregnancy, although it is not clear how much alcohol is required to result in the syndrome. Facial dysmorphology (i.e., smooth philtrum, thin upper lip, small palpebral fissures), growth deficits, and CNS abnormalities are required for the diagnosis of FAS (Jones and Smith, 1975) . Children with FAS exhibit a wide range of symptoms including severe growth restriction and intellectual disability. FAS affects 0.5-2 individuals per 1000 live births across various populations in the United States, but these rates vary by region, race, and culture (National Center on Birth Defects and Developmental Disabilities Centers for Disease Control and Prevention Department of Health and Human Services, 2004) . The relatively high incidence of FAS in the United States and other countries is of considerable social concern given that it is a leading cause of preventable developmental disabilities. Brain abnormalities, most commonly microcephaly and neuronal migration anomalies, have been documented in postmortem studies of FAS (Jones and Smith, 1973; Roebuck et al., 1998) . Mental retardation is common among individuals with FAS and subtler neuropsychological abnormalities have also been observed . Additionally, behavioral and psychosocial problems are frequently observed in these subjects (Roebuck et al., 1999) . Children with heavy prenatal exposure to alcohol but without facial dysmorphology required for the FAS diagnosis have also been observed to have neurocognitive and neuroanatomical (Sowell et al., 2001a,b; O'Hare et al., 2005) abnormalities and have been described as falling within a continuum of effects termed fetal alcohol spectrum disorders (FASDs). Previous brain-imaging studies have shown brain structural abnormalities in children with FASDs (Mattson et al., 1996; Swayze et al., 1997; Riikonen et al., 1999; Sowell et al., 2001b Sowell et al., , 2002a Sowell et al., ,b, 2008 . Greater cortical thickness, smaller brain size and less white matter density (WMD) have been observed in parietal and posterior temporal regions (Sowell et al., 2002a (Sowell et al., , 2008 . Less brain activation has been observed in the posterior temporal language regions during a verbal learning task (Sowell et al., 2007) in the FASD relative to the control group, in the same region where greater cortical thickness was seen, suggesting that an abundance of cortical tissue does not provide functional advantage in those with severe prenatal alcohol exposure. Abnormalities of white matter volumes (Archibald et al., 2001 ) have also been observed in individuals with FASDs. Shape abnormalities have been noted in white matter structures such as the corpus callosum (Bookstein et al., 2001 (Bookstein et al., , 2002 Sowell et al., 2001a) . Notably, the posterior extent of the corpus callosum, which connects posterior temporal and inferior parietal regions across the left and right hemispheres, appears to be more dysmorphic than anterior regions (Sowell et al., 2001a) . Given volume, shape and density abnormalities observed in white matter in individuals with FASDs, further investigation of white matter integrity is warranted.
While it is becoming clear that white matter is particularly vulnerable to prenatal alcohol exposure, white matter microstructure studied with diffusion tensor imaging (DTI) in FASD has only been evaluated in 2 previous reports (Ma et al., 2005; Wozniak et al., 2006) , and both reports focused only on the midline corpus callosum. DTI allows measurement of diffusion characteristics of water molecules within brain tissue (for review, see Mori and Zhang, 2006) . Anisotropy measures derived from DTI data can estimate the extent to which water is diffusing unidirectionally as it diffuses more quickly along the length of axonal fibers than it does perpendicular to them (Mori and Zhang, 2006) . Measures of fractional anisotropy (FA) are known to follow developmental changes in myelination in the neonate such that FA values get higher as myelin is deposited along axonal fibers in a spatially predictable way (Partridge et al., 2004) . Animal studies indicate that both myelinated and nonmyelinated fibers show more anisotropic diffusion properties than gray matter, and suggest that FA is sensitive to both myelin and axonal integrity (Beaulieu and Allen, 1994; Beaulieu, 2002) . FA values in gray matter are quite low (ϳ0.20 and lower) (Mori and Zhang, 2006) , but it is unclear whether nonmyelinated fibers can be distinguished from "gray matter" in humans. The goal of this study was to map group differences in white matter integrity in children and adolescents with FASDs compared with typically developing individuals, and to evaluate the extent to which these abnormalities were related to cognitive impairment observed in FASDs. Although measures of FA reflect the quality or organization of white matter microstructure, we also evaluated group differences in WMD to determine the effects of prenatal alcohol exposure on the location and amount of white matter. Given that findings of gray matter "thickening" in posterior temporal and inferior parietal cortices bilaterally in individuals exposed to alcohol prenatally could result from undermyelination of fibers in these regions, we predicted lower FA and WMD values in the posterior temporal and inferior parietal cortices. Given our own findings of callosal dysmorphology localized to the posterior isthmus and splenium regions (Sowell et al., 2001a) , and given findings of lower FA in the isthumus of the corpus callosum by another group (Wozniak et al., 2006) , we also expected lower FA and WMD values in the FASD relative to control groups in more posterior regions of the corpus callosum than anterior. Neurocognitive performance within the FASD group was predicted to correlate with white matter abnormalities such that lower FA or WMD values would be associated with worse scores on neurocognitive tests in regions where group differences were observed.
Materials and Methods

Subjects
Alcohol-exposed subjects. Seventeen children and adolescents with heavy prenatal alcohol exposure who were between the ages of 7 and 15 years underwent brain imaging and neuropsychological evaluation at the University of California, Los Angeles (UCLA). Details of diagnostic procedures are described in a previous report (O'Connor et al., 2006) . Briefly, an experienced clinician examined alcohol-exposed children using the Diagnostic Guide for Fetal Alcohol Syndrome (FAS) and Related Conditions (Astley, 2004) . This system uses a four-digit diagnostic code reflecting the magnitude of expression of four key diagnostic features of FAS: (1) growth deficiency; (2) the FAS facial phenotype, including short palpebral fissures, flat philtrum, and thin upper lip; (3) CNS dysfunction; and (4) gestational alcohol exposure. All of the children had histories of heavy prenatal alcohol exposure confirmed by maternal report, reliable collateral report, and/or medical or legal records. Using these criteria, four of the children were diagnosed with FAS, five with partial FAS, and seven with alcohol-related neurodevelopmental disorder. One child did not have the facial exam, but met growth, CNS and gestational alcohol exposure criteria to meet diagnostic criteria for alcohol-related neurodevelopmental disorder, at the very least. Because analyses in this report collapse across all FASDs, and this child did meet criteria for an FASD, we did not exclude this child because of the lack of data on facial morphology. Specifics about the amount of alcohol consumed by their mothers were not available, but all 17 had their children removed from their custody as a result of alcohol abuse according to adoptive parents interviewed for the purposes of this study. Some of the children were exposed to other drugs in utero (e.g., marijuana, tobacco), but in all cases, alcohol was reported to be the primary drug of abuse.
Controls. A total of 19 typically developing children between 7 and 15 years of age were studied as a control group. All subjects were screened for neurological impairments, psychiatric illness, history of learning disability, or developmental delay. Control subjects were excluded if they were prenatally exposed to one drink or more per week, or more than two drinks on any one occasion as reported by parents. None of the mothers of control subjects endorsed use of any other illicit drugs during pregnancy. All subjects and their parents gave written assent/consent according to procedures approved by the UCLA institutional review board.
Demographics and alcohol-exposed/control group comparisons for neurocognitive tests can be seen in Table 1 .
Behavioral data
Subjects were administered a comprehensive neuropsychological battery including measures of intelligence [Wechsler Intelligence Scale for Chil- dren, fourth edition (WISC-IV) (Wechsler, 2003) ], language, memory, executive function, motor, and visual-spatial functioning. Specific neuropsychological tests chosen to target the functionality of brain regions implicated in the white matter integrity analyses reported here included the test of visuomotor integration (VMI) (Beery, 1989) , and reading scores on the Wide Range Test of Achievement (WRAT-RE) (Wilkinson, 1993) . The VMI measures visual-motor expression and visual construction. It requires the child to copy increasingly difficult geometric forms. The WRAT is a measure of academic ability, and the reading subtest requires children to read single words of increasing difficulty. One subject with FASD was not administered enough WISC-IV subtests to estimate full scale IQ (FSIQ), although their score for the verbal comprehension index was within the lower end of the range for the FASD group. Group FSIQ means in Table 1 represent scores for the remaining 16 subjects. Handedness was calculated using the Edinburgh Handedness Inventory (Oldfield, 1971) with scores between Ϫ100 (completely left handed) and 100 (completely right handed).
MRI scan acquisition
Both DTI and high-resolution T1-weighted series were collected on a Siemens (Erlangen, Germany) 1.5T Sonata system.
DTI
Whole-brain DTI data were collected with diffusion weighting gradients applied in six noncollinear directions including a minimum of two and a maximum of four averages per subject (3 ϫ 3 ϫ 3 mm, b values, 0 and 1000 s/mm2, 50 axial brain slices covering the entire brain). The signalto-noise ratio (SNR) for white matter (within a region of interest in the genu of the corpus callosum) was calculated for each subject. Within the FASD group, mean SNR values in white matter for the nondiffusion weighted and b ϭ 1000 images were 11.1 (SD, 4.915) and 3.991 (SD, 0.823) respectively. Within the control group, mean white matter SNR values were 11.249 (SD, 2.69) within the nondiffusion weighted image and 3.48 (SD, 0.09) in the b ϭ 1000 image. Group differences on these measures were not significant.
T1-weighted series
High-resolution T1-weighted sagittal volumes were collected using a three-dimensional magnetization-prepared rapid acquisition gradient echo protocol with the following parameters: repetition time, 1900 ms; echo time, 4.38 ms; flip angle, 15°; matrix size, 256 ϫ 256 ϫ 160; field of view, 256 mm; voxel size, 1 ϫ 1 ϫ 1 mm; acquisition time, 8 min 8 s. Two to four acquisitions were acquired for each subject. Raters blind to subject age, sex, and diagnosis evaluated image quality, and data from at least two acquisitions were averaged to enhance signal-to-noise ratio.
Image and statistical analysis
Image preprocessing. To obtain whole-brain and white matter masks, T1-weighted images were preprocessed with a series of manual and automated procedures executed by analysts blind to subject age, sex, and diagnosis. Extracortical tissue was removed from the high-resolution structural MR data using automated brain skull extraction from Brainsuite software (Shattuck et al., 2001; Shattuck and Leahy, 2002) . Small errors in the automated processing were manually corrected. The wholebrain masks created were also used to remove extracortical tissue from the diffusion data. T1-weighted images were classified into gray matter, white matter, and CSF (Shattuck et al., 2001 ) and white matter masks for each subject were created for limiting the search area in the DTI region of interest analyses described below. For the DTI data, six-parameter rigid body registration was used to align directional and repeat DTI images within subjects. That is, each directional diffusion image was registered to its repeat images using automated image registration (Woods et al., 1998a,b) , and each resultant average directional image was merged together into one file using FSL's software library [FSL; Oxford Centre for Functional Magnetic Resonance Imaging of the Brain (FMRIB)'s software library, Oxford University, Oxford, UK; www.fmrib.ox.ac.uk/fsl]. Using FMRIB's Diffusion Toolbox (FDT), warping was applied to the diffusion-weighted images to correct for eddy current distortions (Haselgrove and Moore, 1996) , and FA maps were generated for each subject. The FA maps were transformed into the International Consortium for Brain Mapping (ICBM) 305 (Mazziotta et al., 2001 ) space in the following manner. FSL's FMRIB linear registration tool was used to align each subject's non-diffusionweighted image to the native space high-resolution T1-weighted structural image using a six-parameter registration. The T1 structural image was registered into ICBM 305 space using 12-parameter affine registrations. These two transformations were then applied to each subject's FA map.
FA statistical mapping. Spatially normalized FA images created with FSL were then imported into SPM5 (Wellcome Trust Centre for Neuroimaging, London, UK) and smoothed with a Gaussian kernel of 8 mm full-width at half maximum. A masking threshold was applied to include only voxels that exceed an FA value of 0.20 in each subject to exclude gray matter voxels and reduce the search area for statistical mapping. An unpaired two-sample t test comparing the spatially normalized smoothed FA maps of controls versus FASD subjects was computed using SPM5. Analyses were corrected for multiple comparisons using false discovery rate with a p value of 0.05. These analyses allowed us to localize group differences in the diffusion properties of molecules within white matter structures.
WMD statistical mapping. Given that high-resolution T1-weighted image data sets were available for each subject, we were able to use the tissue segmentations from those data to evaluate differences in white matter distribution between groups. We used voxel-based-morphometric (VBM) methods described in numerous previous studies (Paus et al., 1999; Ashburner and Friston, 2000; Sowell et al., 2001b) to localize regions in the brain that contained more or less white matter in the FASD group relative to the controls. VBM allows for a voxel-by-voxel assessment of differences in white matter distribution between groups, and we refer to these WMD differences as differences in white matter macrostructure. Essentially, these analyses allowed us to evaluate differences in brain morphology (i.e., white matter macrostructure) as opposed to the FA analyses that allowed us to measure differences in white matter diffusion characteristics (i.e., white matter microstructure). Spatially normalized white matter masks for each subject were imported into SPM5 and two-sample t tests were computed to determine group differences in white matter density. A masking threshold with a value of 0.01 was applied to exclude nonbrain voxels. Analyses were corrected for multiple comparisons using False Discovery Rate with a p value of 0.05.
Post hoc FA ROI analyses
To ensure that group differences in FA were not caused by misregistration of white matter between groups, we evaluated FA values within ROIs mapped to each participants' unsmoothed spatially normalized FA volume in which we had masked out non-white matter voxels (based on segmentation conducted on the high resolution T1-weighted volume). We identified five coordinates chosen from regions of significant group difference in the FA statistical maps described in the results section below (two coordinates in the right temporal lobe, one in each hemisphere from the splenium cluster, and one from a brainstem cluster). Because our a priori hypotheses involved temporal white matter in both hemispheres, we chose two coordinates in the left temporal lobe that were identical to their right hemisphere counterparts (by inverting the left-right component of the right hemisphere temporal lobe coordinates). This would allow us to evaluate for subthreshold effects in the left temporal region that were not significant in the statistical mapping analyses. We located all seven coordinates in the unsmoothed FA white matter masked volumes and calculated the average FA value of all nonzero voxels within an 8 mm sphere attached to that coordinate for each individual. Twosample t tests were conducted to evaluate the significance of average FA differences between groups within each ROI. This analysis ensured that we were looking at only white matter FA values for conducting statistical analyses and validated the results in the statistical maps.
Brain-behavior correlations
Simple correlations between raw scores on each of two cognitive tests, VMI and WRAT-RE, were conducted for FA and WMD within each of the 7 ROIs described above. These tests were chosen because they were thought to be from dissociable cognitive domains (visuomotor and read-ing), and because they were functions typically attributed to regions where group FA differences were significant in the statistical maps described in the results section below (i.e., VMI for lateral splenial/parietal and WRAT-RE for temporal language regions). We expected VMI scores to correlate with splenial/parietal regions and not temporal regions, and we expected WRAT-RE scores to correlate with temporal but not splenial/parietal regions. Brainbehavior correlations were conducted within each group separately given that group differences on these scores were significant. Where correlations between the brain and behavior were significant, simultaneous multiple regression using group, score and group-by-score interactions to predict FA or WMD values were also conducted to evaluate the extent to which correlations between brain and behavior statistically differed between groups.
Results
Demographic and behavioral measures
As shown in Table 1 , FASD and control groups were well matched on gender, age handedness, and maternal education (of the adoptive mothers for the FASD group and biological mothers for the nonexposed) with no significant group differences on these measures. As would be expected, control subjects performed significantly better on tests of general intellectual functioning (estimated FSIQ from the WISC-IV), visuomotor integration (VMI), and reading ability (WRAT-RE). Furthermore, there were fewer Caucasian subjects in the control than the FASD group.
Statistical mapping
ICBM coordinates, p values and cluster volumes for significant clusters for the FA and WMD VBM analyses are shown in Table 2. Statistical maps of FA group differences, WMD differences, and their spatial overlap are shown in Figure 1 .
FA
As seen in dark blue (FA group differences only) and light blue (FA and WMD group differences overlap) in Figure 1 , the most notable significant clusters (FDR corrected for multiple comparisons, p Ͻ 0.05) where FA was significantly lower in the FASD relative to control subjects fell in regions of the lateral splenium (medial superior parietal white matter) and posterior cingulate white matter bilaterally and in the deep white matter of the right temporal lobe. The temporal lobe clusters included portions of the inferior association fibers that connect the occipital to temporal and frontal lobes (i.e., inferior longitudinal fasciculus, inferior fronto-occipital fasciculus) (Wakana et al., 2004) . Other significant clusters where FA was lower in the FASD group were observed in right internal capsule and brainstem regions. There were no regions where FA was significantly higher in the FASD relative to control subjects.
White matter density
There were no regions where white matter density group differences passed correction for multiple comparisons using FDR with p Ͻ 0.05 (FASD Ͼ control or control Ͼ FASD). Because we were also interested in WMD to help explain differences in FA (i.e., microstructural organization) from group differences in white matter morphology (i.e., macrostructural organization), we examined uncorrected (extent threshold ϭ 0, p Ͻ 0.001) group differences in WMD within regions of interest that were significant in the FA group analyses. As seen in Figure 1 in light blue (WMD and FA group differences overlapping), WMD was lower in the FASD group in some, but not all regions where FA was affected. Specifically, lower WMD was observed in the lateral splenium of the corpus callosum bilaterally and in right deep temporal association fibers. Notably, little overlap between FA and WMD differences were observed in the more anterior portions of the right temporal lobe and more lateral aspects of the splenium where only FA differences were observed. Small volume correction (SVC) for multiple comparisons within the region of interest that included only significant voxels from the FA analyses confirmed three significant clusters: one in the left temporal lobe and one in each the left and right lateral splenium/parietal regions (Table 2 ). There were no regions where WMD was higher in the FASD group relative to controls within the region of interest.
Post hoc FA ROI analyses
Results from post hoc FA white-matter ROI analyses are shown in Table 3 and Figure 2 . FA differences between groups were highly significant in five of the seven ROIs evaluated. Scatterplots of group effects are shown in the top row of graphs in Figure 2 and are mapped from the two splenium and two right temporal lobe ROIs. These significant results further validated the statistical maps, and showed that FA differences seen in the maps cannot be attributed to misregistration of white matter between groups. As seen in Table 3 , the variance in the splenium ROIs was considerably higher than the variance in other regions, although it is not clear why. The increased variance was seen in both groups, however, and was unlikely to impact the significant group effects. ROIs from the left temporal lobe were not above the statistical threshold used to create the map, but were actually at trend level significance in the ROI analysis as shown in Table 3 .
Brain-behavior results
Results from the brain behavior correlation analyses are illustrated in the bottom row of graphs in Figure 2 . As predicted, correlations between VMI scores and FA values in the lateral splenium-parietal white matter ROIs bilaterally were significant, but only within the FASD group (left, r ϭ 0.653, p ϭ 0.006; right, r ϭ 0.681, p ϭ 0.004). Essentially in these regions within the FASD group, lower FA values were predictive of lower VMI scores. Group (FASD vs control) by score (VMI) interactions in multiple regression analyses suggest that the correlation between splenium FA and VMI scores differed significantly between groups (left, ␤ ϭ 1.86, p ϭ 0.009; right, ␤ ϭ 1.57, p ϭ 0.031). Although we expected the reading score to be correlated with temporal lobe FA, correlations between the WRAT-RE score and FA were not significant in any region tested. Correlations between WMD and either VMI or WRAT-RE were not significant for any of the seven ROIs.
Discussion
These findings further confirm white matter pathology associated with heavy prenatal alcohol exposure. The regional findings are in part consistent with our a priori hypotheses in that we observed lower FA in the FASD than control groups in lateral temporal regions and in the vicinity of the lateral splenium of the corpus callosum where we had previously observed dysmorphology in independent samples (Sowell et al., 2001a (Sowell et al., , 2008 callosum regions of interest, and not whole-brain voxel-based analyses of FA as we have conducted here. Thus, our findings of lower FA values in ILF regions are novel. Results from this study support the hypothesis that higher gray matter thickness in individuals with FASDs in posterior temporal and inferior parietal lobes observed in previous reports (Sowell et al., 2008) could result from delayed or permanently reduced myelin deposition, at least in the right temporal lobe. In other words, it is possible that tissue with "gray matter" signal on MRI is actually unmyelinated peripheral axonal or dendritic fibers. It is also possible that disorganization of white matter fibers (i.e., fibers with multiple orientations within the same voxel), or lower axonal density could account for the lower FA (Mori and Zhang, 2006) we observe in the FASD group. It is not clear, however, how disorganization or reduced axonal density of myelinated fibers (which would likely have white matter signal on T1-weighted MRI) could result in higher colocal gray matter thickness values, further implicating dysmyelination rather than disorganization as a cause. Animal or postmortem studies would help further explain the etiology of lower FA and higher cortical thickness associated with heavy prenatal alcohol exposure. Whatever the microstructural (evaluated with FA analyses) or macrostructural (evaluated with WMD analyses) etiology, abnormalities of FA in some brain regions of the FASD subjects are related to impairment in cognitive functions subserved by those regions. Specifically, lower FA in the lateral splenium and parietal lobe white matter predicted worse performance on a test of visuomotor integration in the FASD group. This finding was specific to FA (and not WMD) in the lateral splenium region, as would be expected given that regions role in visuospatial processing (Cabeza and Nyberg, 2000) , specific to the FASD group, and specific to visuomotor integration (i.e., reading ability was not related to FA values in the splenium region). Thus, these white matter microstructural (i.e., reduced myelination or fiber disorganization) abnormalities in children and adolescents with heavy prenatal alcohol exposure appear to be clinically significant. Our results suggest that this region of white matter is particularly susceptible to damage from prenatal alcohol exposure and that FA in this region may not be variable enough to correlate with VMI performance in the controls. It is also likely that other brain regions not measured in these analyses are related to visuomotor integration in either or both groups.
We also conducted VBM analyses of WMD to evaluate macrostructural white matter differences. Although WMD results were not significant after correction for multiple comparisons, results from the uncorrected analyses suggest a trend toward lower WMD in bilateral lateral splenial and right temporal lobe regions. Lower WMD overlapped with some, but not all voxels significant in the FA analyses. Thus, FA differences between groups cannot be completely mediated by morphological differences in white matter (i.e., comparing white matter tissue in one group to gray matter tissue in another), and must be related to lower myelination or disorganization of white matter fibers. Decreased WMD could also be related to the increased cortical thickness in temporal lobe regions reported previously (Sowell et al., 2008) given that unmyelinated fibers within the periphery of the cortex may appear as "gray matter" on T1-weighted MRI and may have been included in our gray matter thickness measure in the previous report. Future analyses could involve fiber tractography (Mori and Zhang, 2006) to define exact fiber tracts within the temporal lobe (i.e., inferior longitudinal fasciculus) in each individual, and group differences in FA within matched tracts could be evaluated (Johansen-Berg and Behrens, 2006). This type of analysis would help explain observed FA differences caused by mismatched anatomy between groups, and could reveal actual differences in myelination or fiber organization at homologous anatomical structures.
Interestingly, we did not observe wider spread lower WMD measures in the lateral aspects of the temporal lobes in the left hemisphere as we did in a previous report (Sowell et al., 2001b) . It is possible that WMD reductions in the left temporal lobe were subthreshold and at trend level significance in this sample, just as lower FA was in the ROI analyses. It is also possible that differences between the two independent samples accounted for the discrepant results. The previous group we studied tended to be more severely affected than those in the current report with 14 of 21 subjects in the earlier sample having the full FAS diagnosis (Sowell et al., 2001b) and only 4 of 17 meeting full FAS diagnostic criteria in the current report. We have shown that children with heavy prenatal alcohol exposure but without the facial dysmorphology to obtain the FAS diagnosis have regionally similar, but less severe brain dysmorphology (Sowell et al., 2001a (Sowell et al., ,b, 2008 O'Hare et al., 2005) . Perhaps the lower proportion of individuals with the full FAS diagnosis in the current report is weakening the observed effects. Unfortunately, with only 4 subjects meeting full FAS diagnostic criteria in this group, statistical power was not sufficient to explain severity effects in the present sample.
We did not confirm lower FA values in the left temporal lobe in the voxel-based analyses. We would have expected similar effects in the left and right hemispheres given bilateral findings of higher gray matter thickness in an independent sample of alcohol-exposed subjects (Sowell et al., 2008) . The post hoc ROI analyses revealed trend level differences, with lower FA values in the left temporal lobe in the subjects with FASDs. This suggests that greater thickness in the left hemisphere may also be related to disorganization or reduced myelin, although not to the extent that we see in the right hemisphere where FA decreases were statistically significant.
Together, the results presented here strongly implicate white matter microstructural abnormalities in children and adolescents with FASDs, exclusive of relative differences in white matter morphology. Lower FA in the FASD group in lateral splenial/parietal white matter are related to poorer visuomotor integration, although cause-and-effect cannot be derived from such correlational analyses. Whether myelin deposition and organization of white matter fibers is required for intact visuomotor integration, or experience and facility at visuomotor integration result in higher deposition of myelin and organization of fibers is difficult to infer from human studies. Studies of normal childhood and adolescent development show regionally heterogeneous declining cortical thickness, presumably caused by synaptic pruning and greater myelination (for review, see Sowell et al., 2004) . Longitudinal analyses could help in understanding the cascade of events that result in lower FA and WMD in individuals with heavy prenatal alcohol exposure, and whether the insults to the brain are static, or plastic throughout the years of development. Animal studies could also help determine the etiology of white matter abnormalities resultant from prenatal alcohol exposure. Further caveats are warranted regarding difficulties in determining causality of prenatal alcohol exposure in the observed group effects on brain structure and cognitive function given that this is a case-control study and it was not possible to control many other potentially significant differences between the groups (i.e., socioeconomic status among the biological parents of participants with FASDs, prenatal exposure to other drugs in the FASD
